This paper studies the failure process of the traction converters mounted on some trains produced by AnsaldoBreda SpA and operating in the district of the city of Naples. Each train is equipped with three traction converters and 23 new trains were monitored from their entry in service over a time period of about four years. A preliminary analysis of the observed failure data, based on a nonparametric estimation procedure, showed an overall decreasing trend of the failure intensity during the monitoring period, as it is often observed during the early life of complex systems undergoing minimal repair. As such, the failure process of converters is assumed to be a non-homogeneous Poisson process (NHPP) over the covered mileage. Then, NHPP with different decreasing intensity functions are considered, and the process that better fits the observed data, namely the log-linear process, is chosen to analyse the observed failure process. Maximum likelihood estimate of the process parameters is then obtained, from which several reliability characteristics are estimated under the conservative hypothesis that the failure intensity remains constant beyond the end of the observation period. Finally, the probability distribution of the annual mileage of the train is derived, that allows the reliability characteristics to be estimated in terms of the calendar time, too.
Introduction
The frequency converter is one of the main parts of the traction power supply system (TPSS) and converts adequate traction power from the power company to the electric vehicle. Due to the impact of its failures on the reliability of the whole TPSS, more converters are mounted on each vehicle in order to guarantee a good redundancy in case of failure and give the opportunity, using dedicated control logics, to interlace them in order to reduce the harmonic content of the absorbed current.
In this paper, the failure of the traction converters mounted on some trains produced by AnsaldoBreda SpA and operating in the district of the city of Naples is analyzed. Each train is equipped with three traction converters which, as shown in Figure 1 , are fed by the high-voltage grid power line through one pantograph and each converter supplies two three-phase asynchronous traction motors, namely "M1" and "M2".
The traction converters are very complex systems, constituted by several subsystems among which: the Hall effect current transducer, the voltage transducer (that measures the input voltage to the converter), the voltage transducer (that measures the input voltage to the inverter modules), the pre-charge contactor, a number of resistors and six different types of electronics boards, the traction control unit (TCU) (that is fed by the low voltage system and manage the tractive effort, acceleration and braking), three IGBT (insulated gate bipolar transistor) inverter modules (that power the traction motors), and the brake chopper (that allows the energy returned by the traction motors to be dissipated on the braking resistor).
A fleet of new trains was monitored during a time period of about 4 years, and a failure mode and effects analysis was carried out by AnsaldoBreda in order to detect the most relevant problems and to track converter reliability during the operating period. On the basis of the data set, the objective of the present paper is to specifically address the modeling of the converter failure process, and to derive reliability measures useful to the manufacturer, whilst the analysis of maintenance times and possible maintenance actions to perform on this system is beyond the scope of the paper. In this respect, it is to be noted that the converter is a complex system whose faults are usually due to the failure of a single (elementary) part, and whose intended function is generally restored by just replacing the single failed part by a new one. As such, it is reasonable to assume that, upon failure, the converter undergoes a "minimal repair", which (instantaneously) brings it back to an as-good-as-before condition. This assumption naturally leads to the class of non-homogeneous Poisson processes (NHPP). In particular, in the present application, the process domain is better represented by "covered mileage" than by "operating time", as mileage is the variable that better measures the converter usage.
A preliminary analysis, based on a non-parametric estimation procedure, seems to show an overall decreasing trend of the failure intensity during the observation period. This behavior appears to be in keeping with what is often observed in the initial phase of the operative life of a system, where the substitution of the early-failing (week) components with new ones which are likely to be free from manufacturing faults, makes the failure intensity to decrease. Note that the overall decreasing of the intensity function is also partly due to some external adjustments made to the converters during the initial development phase of the whole train, which result in a reduction of the stress acting on the converters.
Then, a number of NHPP with different decreasing intensity function are considered, such as the power-law process [1] , the log-linear process [2] and the Musa-Okumoto process [3] , and the process that better fits the observed data, namely the log-linear process, is chosen to analyze the observed process.
Maximum likelihood estimate of the process parameters is then obtained. Several reliability characteristics, such as the expected number of failures and the probability of no failure during a future operating time, are also estimated under the conservative hypothesis that the failure intensity remains constant beyond the end of the observation period, say X, where the failure intensity is equal to the value it had at X. Finally, the probability distribution of the annual mileage of the train is derived, that allows one to estimate the reliability characteristics in terms of the calendar time too, in order to better plan the maintenance actions and to better manage the spare parts inventory.
Reliability analysis of failure process
The failure processes of 23 new trains were observed from the entry in service of each train (starting from 2009, April 1) until 2013 August 31. A total of 59 converter failures occurred during the observation period, which covers only the very early life of the systems that are designed to operate for 30-40 years, covering a distance of more than 2 million kilometers. Table 1 gives both the total mileage (in km) and the annual mileage covered by each train ( 1, … ,23) until 2013 August 31. In Table 2 the mileage to converters failure , ( 1, … , ) measured from the entry in The mileages in italics refer to the case in which the train was not operating during the entire year service of each train are given. Unfortunately, in the available data set, no information is given about which of the three converters mounted on the train failed at , . Thus, for example, we do not know if the two failures of train #202 refer to the same converter or not. As such, the analysis concerning the converter unit has to be derived, as illustrated in the next section, by the analysis based on the only observable failure process, i.e. the failure process of train , which is the superposition of three identical, but unidentifiable, failure processes.
Model selection and parameter estimation
On the basis of the above observations, we made the reasonable assumption that the three failure processes of the converters mounted on the same train are independent of each other. We also assume that, due to the complex structure of the converter and the type of repair the converter is subjected to (that generally consists of the replacement of the failed part with a new one), the repairs are minimal, so that the failure process of each converter is modeled by a nonhomogeneous Poisson process (NHPP) with intensity function . As a result of these two assumptions, the observed processes are NHPP with intensity function equal to 3 . A nonparametric estimate of the average failure intensity on mileage intervals of length Δ 20,000 km is made by counting the number of failures occurred in the th interval 1 Δ, Δ and applying the formula:
where is the total mileage covered by all of the observed trains during the interval 1 Δ, Δ . As shown in Figure 2 , the estimated intensity is decreasing overall, thus suggesting describing the converter failure process with an NHPP with decreasing failure intensity. The overall decreasing behavior of the intensity function is confirmed by the Laplace test that is based, for multiple time-truncated systems, on the test statistic [4] :
which is distributed as a standard Normal variate under the null hypothesis that the intensity function is constant (no trend in the failure data). Large, negative values of LA indicate a decreasing trend. The value of the LA statistic relative to the observed data is 1.422, that allows the null hypothesis of no trend to be rejected at the significance level of 0.10, and also provides evidence of a decreasing trend. Thus, three different NHPP, whose failure intensity can be decreasing, are here considered: 1. The power law process (PLP) [1] , whose intensity function / / , , 0, is decreasing for 1. The corresponding mean number of failures is / . 2. The log-linear process (LLP) [2] , whose intensity function exp , 0, ∞ ∞, is decreasing for 0. Its mean number of failures is / exp 1 . 3. The Musa-Okumoto process (MOP) [3] , with decreasing intensity function / 1 , , 0, and / ln 1 .
Note that, both in the LLP and the MOP, is the value of the intensity function at 0. The parameters of the selected models are then estimated by maximizing the log-likelihood function relative to the observed data:
where the multiplicative factor of 3 is due to the fact that the observed process is the superposition of three independent and identical NHPP with intensity function . The maximum likelihood estimates (MLE) of the parameters of the selected models, the corresponding estimated log-likelihood ℓ ≡ ℓ data| , , and the value of the Akaike information criterion (AIC) [5] Since, given a set of candidate models for the data, the preferred model is the one with the minimum AIC value, then the LLP is chosen and adopted for all the following analyses. Note that the difference in the AIC value with respect to the MOP is almost negligible. In Figure 3 , the nonparametric estimate of the mean number of failures at the observed failure times [6] is compared to the MLE of within the three selected models. For comparative purpose, also the MLE of the mean number of failures within the homogeneous Poisson process (HPP) with constant intensity function 0.5303 • 10 /km is depicted. We see that both the LLP and the MOP fit the "observed" data very well, whereas the PLP is not able to satisfactorily reproduce convexity of the mean number of failures. Since the exact distribution of the MLE of the LLP parameters is not known, confidence intervals on and can be obtained by using asymptotic results. In particular, we first estimate the approximate covariance matrix , which is the inverse of the estimated negative second-derivative matrix , , also known as the Fisher's information matrix (whose entries are given in the Appendix): 
From the matrix in eqn (4), the estimated standard deviations of and are equal to 0.173 • 10 /km and 0.249 • 10 /km, respectively. Then, the approximate 0.90 confidence interval for the parameter , that is constrained to be positive, is obtained by using the lognormal approximation for :
where . is the 0.05 quantile of the standard Normal distribution. The approximate 0.90 confidence interval for the parameter (that is not constrained to be positive) is obtained by using the normal approximation for :
. 0.852 • 10 , 3.317 • 10 .
From the estimated covariance matrix, the approximate standard deviation of the MLE of any function , of the model parameters can be estimated by using the Delta method [7] :
where , is the estimated covariance of and (the entry (1,2) of , ). Then, by using the normal or the lognormal approximation for the distribution of the MLE of , , the approximate confidence interval for , can be easily obtained.
Reliability prediction
Once the model has been selected and its parameters have been estimated, any reliability characteristic of the converter can be estimated. In particular, we are firstly interested into the expected number of failures that a converter mounted on the train will experience in a future mileage interval , ∆ of width ∆, and in the system reliability during the same future interval.
At this aim, we made the conservative assumption that the failure intensity of each converter decreases with exponential law exp only up to the largest observed mileage to failure, say max , , 210,968 km, and from up to the (unknown) mileage at which degradation phenomena start to become relevant, it remains constant and equal to the value it has at , say exp • 210,968 0.2987 • 10 /km. This implies that from 210,968 km onwards, that is, during the socalled "useful life", the mean mileage between failures is constant and equal to MMBF 1/ . Its MLE is equal to 334,780 km.
The standard deviations of the intensity are estimated by using the Delta method:
0.110 • 10 /km, being ⁄ exp and ⁄ exp . The approximate 0.90 confidence interval for , based on the lognormal approximation for the distribution of , results in: (0.151 • 10 /km , 0.539 • 10 /km).
Likewise, the estimate of the approximate standard deviation of the MLE of the MMBF is equal to 135,520 km, and the corresponding approximate 0.90 confidence interval is: (185,522 km, 662,017 km).
On the basis of the above conservative assumption on the behavior of the intensity function, the expected number of failures in the future mileage interval , ∆ is given by:
and the system reliability relative to the same interval is , ∆ exp , Δ . In addition, the probability distribution of the number of failures in , ∆ is given by:
In order to better plan the maintenance actions and to better manage the spare parts inventory, it can be also useful to estimate the reliability characteristics not in terms of a future mileage interval Δ, but rather in terms of a future calendar time interval , e.g., one year, starting from the current date. To do this, it is necessary to derive the probability distribution of the mileage covered by a train during a prefixed calendar time interval.
At this aim, we use the annual mileages given in Table 1 , limited to the 50 values relative to the cases in which the train was in operation from the beginning to the end of each year, to derive the probability distribution of the annual mileage . In particular, we assume that is Weibull distributed with probability density function: / / exp / , where the scale and shape parameters are positive [8] . The Weibull plot in Figure 4 shows that the Weibull distribution fits quite well the observed annual mileages (the coefficient of determination is equal to 0.981). The MLE of the Weibull parameters are 56,184 km and 5.29. By using these estimates, the Anderson-Darling (AD) goodness-of-fit test is performed to analytically check the goodness of fit of the Weibull distribution. The AD statistic results in 0.316 and, when compared to the critical value of 0.737 relative to a sample of size 50 and a significance level of 0.05 [8] , shows that the Weibull assumption cannot be rejected.
Thus, from the Weibull distribution on the annual mileage, the expected number of failures and the system reliability relative to a future calendar time interval of 1 year are given by:
where is the calendar date of train at the end of the truncated observed mileage . Table 3 gives the MLE of the reliability characteristics of each individual converter mounted on selected trains, relative both to a future mileage of ∆ 60,000 km and to a future calendar time of 1 year. Of course, since the intensity function decreases up to 210,968 km, the smaller is the current mileage of the train, the larger is the mean number of future failures and the lower is the system reliability.
100,000
Annual mileage z [in log scale] In particular, for all trains that have currently accumulated at least 210,968 km, so that the failure intensity of the converter is constant from here on out, the estimated mean number of failures of each individual converter during the next year is equal to • 0,155, being the estimated mean annual mileage equal to 51.755 km/year. This implies that, during the "useful life", over a fleet of 23 trains that operates regularly, the estimated mean number of converters failures during the future year is 10.67.
Finally, the (constant) mean (calendar) time between failures MCTBF, from 210,968 km onwards, is equal to 6.47 years of uninterrupted operation. However, since each train is planned to operate for 10 hours a day and for 335 days a year, the (constant) mean (operating) time between failures MOTBF, from 210,968 km onwards, is equal to 56.665 hours or, equivalently, to 16.91 years.
Conclusions
In this paper, the failure process of the traction converters of AnsaldoBreda SpA trains operating in the district of the city of Naples has been analyzed under the hypothesis that the three converters equipping each train fail independently of each other and are minimally repaired. The observed period covers only the early life of the converters where the failure processes show a decreasing trend in the failure occurrence. The assumption that from the last observed failure onwards the failure intensity is constant is then made in order to obtain conservative prediction of the system reliability during future operating intervals, given both in terms of mileage and time.
